The role of actin, class I myosins and dynamin in endocytic uptake processes is well characterized, but their role during endo-phagosomal membrane trafficking and maturation is less clear. In Dictyostelium, knockout of myosin IB (myoB) leads to a defect in membrane protein recycling from endosomes back to the plasma membrane. Here, we show that actin plays a central role in the morphology and function of the endocytic pathway. Indeed, latrunculin B (LatB) induces endosome tubulation, a phenotype also observed in dynamin A (dymA)-null cells. Knockout of dymA impairs phagosome acidification, whereas knockout of myoB delays reneutralization, a phenotype mimicked by a low dose of LatB. As a read out for actindependent processes during maturation, we monitored the capacity of purified phagosomes to bind F-actin in vitro, and correlated this with the presence of actinbinding and membrane-trafficking proteins. Phagosomes isolated from myoB-null cells showed an increased binding to F-actin, especially late phagosomes. In contrast, early phagosomes from dymA-null cells showed reduced binding to F-actin while late phagosomes were unaffected. We provide evidence that Abp1 is the main F-actin-binding protein in this assay and is central for the interplay between DymA and MyoB during phagosome maturation.
Phagocytosis is a highly conserved process by which cells engulf particles larger than 0.5 μm giving rise to a newly formed compartment, the phagosome (1). This process simply serves a feeding purpose in professional phagocytes such as the slime mould Dictyostelium discoideum, but has been adapted and fine tuned in multicellular organisms for processes such as clearance of apoptotic cells (2) , morphogenesis (3) or for clearance, killing and limited degradation of invading bacteria for antigen presentation in phagocytic immune cells (1) . Shortly after uptake, the newly formed phagosome undergoes a series of fission/fusion events with endocytic compartments resulting in the so-called phagosome maturation. One of the first events postinternalization is the delivery of the vacuolar proton ATPase (vATPase) and lysosomal enzymes to the phagosome, a key step in the maturation process leading to the degradation of the engulfed particle (4) (5) (6) . While in mammalian phagocytes the lysosome is often the final destination for engulfed particles, in Dictyostelium the acidic phase lasts about 60 min for particles around 1 μm. The phagosome then further matures into a v-ATPase-negative quasi-neutral post-phagolysosome (4, 7) , reminiscent of secretory lysosomes of specialized mammalian cells (8) , in which undigested remnants are concentrated. This exocytic process is dependent on actin (4) and possibly class I myosins (M1s). Monitoring phagosomal acidification and digestion is therefore an excellent read-out for the timely execution of the overall maturation program.
The roles of actin and M1s during the uptake phase of the particle are well characterized (9) (10) (11) . Past the internalization phase, actin associates with maturing phagosomes and is involved in the regulation of phagosome maturation. In mammalian cells, actin assembly at the phagosomal membrane might delay phagosome maturation in the case of cargo-overloaded macrophages (12) or promote fusion with lysosomes (12, 13) . How actin assembly is regulated at the phagosomal membrane is still not clear, but lipids and proteins seem to play a role in this process. Treatment of mycobacteria-containing phagosomes with lipids such as ceramide, sphingosine, Phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2 or PIP2], but not diacylglycerol, promoted actin assembly in vitro, whereas treatment of mycobacteria-infected cells could rescue the maturation block of mycobacteria-containing phagosomes in vivo (14) . PI(4,5)P 2 is a major regulator of actin dynamics through binding to a myriad of actin-binding proteins. For example, Ezrin is a PIP2-regulated actin-binding protein (15) that stimulates actin assembly at the phagosomal membrane by recruiting the N-WASP-Arp2/3 machinery (13), a process necessary for fusion with lysosomal compartments.
Recent studies have highlighted a role for the WASP and SCAR homologue (WASH), an endosomal Arp2/3 activator, in modulating endosomal fission (16, 17) . WASH is part of a conserved protein complex similar to the WAVE/SCAR complex and is mainly present on Rab11-positive endosomes as well as on an early Rab5-positive endosomal population. The exact role of WASH is still a matter of debate, but data point to an actin-dependent membrane scission mechanism at the endosomal level, a mechanism that is reminiscent to vesicle scission at the plasma membrane or the trans Golgi network (TGN) (18) . In Dictyostelium, WASH has been recently proposed to play a direct role in post-(phago)lysosome biogenesis. Indeed, in wshA knockout cells the phagosomes fail to reneutralize due to impaired retrieval of the v-ATPase (19) .
Actin therefore plays multiple roles in phagosome maturation. A more focused approach in understanding actin-dependent processes in this pathway can be achieved by monitoring the actin dynamics and the roles of actin-binding and regulatory proteins. Among them, M1s have been shown to recruit and interact with components of the actin nucleation machinery. Several studies have highlighted the presence of M1s in the endo/phagocytic pathway (20) (21) (22) . However, their precise role during phagosome maturation is still unclear. The Dictyostelium amoeboid M1 myosin IB (MyoB) has a long tail containing a putative membrane-binding domain suggested to bind negatively charged phospholipids, an actin-binding domain and an SH3 domain that binds CARMIL [capping protein Arp2/3 and myosin I linker; (23) ]. We have previously shown that MyoB is present on endosomes and that its absence leads to a defect in plasma membrane protein recycling (24) . However, the molecular mechanisms leading to this defect are still unclear. Other likely candidates of interest for actin-dependent processes in the endocytic pathway are the large GTPase dynamin and the actin-binding protein 1 (Abp1).
Abp1 is a conserved actin-binding protein participating in the regulation of actin dynamics during dynamindependent endocytosis in yeast and mammals (25, 26) . In Dictyostelium, Abp1 is part of a regulatory switch, together with myosin IK and the kinase PakB, which regulates the uptake efficiency of large particles (9) .
Dynamin is a large GTPase necessary for the pinching off of clathrin-coated vesicles from the plasma membrane. In mammalian cells, knockout of dynamin 1 and 2 results in elongated tubules that fail to pinch off and are stabilized by F-actin (27) . Indeed, F-actin depolymerization with latrunculin results in the collapse of these tubules into buds. In wild-type cells, latrunculin treatment prevents dynamin recruitment to clathrin-coated pits. The role of dynamin later in the endocytic pathway is still disputed. Several studies have proposed a role for dynamin 2 in mediating endosomal scission events possibly through an interaction with WASH (16, 28) . In macrophages, dynamin 2 is required for phagocytosis (29) where it might be somehow involved in regulating focal exocytosis during cup formation (30) , while studies in Caenorhabditis elegans showed a role for dynamin in phagosome maturation upstream of Rab5 (2) . Dynamin 2 has also been proposed to play a role in epidermal growth factor receptor (EGFR) trafficking at the late endosomal stage (28) . Several studies have shown that dynamin indirectly binds the actin cytoskeleton via interactions with actin-binding proteins such as cortactin (31) or Abp1 (9, 32) . Recently, a direct interaction of dynamin with F-actin was highlighted (32) . In Dictyostelium, knockout of dynamin A (dymA) has been shown to affect endocytosis, cytokinesis as well as organelle morphology (33) .
In this study, we first show that, while knockout of myoB had little impact on the overall morphology of the endocytic pathway, treatment of cells with latrunculin B (LatB) leads to enhanced endosomal tubulation, thereby confirming the essential role of actin in the endocytic pathway. Similar tubulation of endosomes was observed in dymAnull cells. We then took advantage of a well-established protocol to purify phagosomes at different maturation stages (34, 35) to address the roles of DymA and MyoB in the phagocytic pathway of Dictyostelium. As a read out for actin-dependent processes during phagosome maturation, we used an in vitro F-actin-binding assay. We show that F-actin binding of purified phagosomes correlates with the presence of several actin-binding proteins such as Abp1, MyoB as well as DymA. As a general read out for the execution of the phagosome maturation process, we monitored the impact of gene ablation for DymA, MyoB and Abp1 on phagosomal acidification and proteolytic activity in vivo. Our findings suggest that DymA mainly plays an early regulatory role during phagosome maturation, while MyoB is acting at a later phase. We also provide evidence for interplay between DymA and MyoB, possibly in mediating the recruitment of Abp1 to the early and late phagosome.
Results
Loss of DymA and MyoB alters the morphology of the endocytic pathway The role of MyoB and actin in the overall organization of the endocytic pathway is not well characterized. To assess their respective role in the morphology and dynamics of the endocytic pathway of Dictyostelium, we incubated cells with tetramethylrhodamine isothiocyanate (TRITC)-labeled dextran overnight and observed them by spinning disc confocal microscopy. As shown in Figure 1A (and Movie S1), wild-type cells had mostly one or two big endosomes, where the fluid phase was highly concentrated (arrowheads). This compartment corresponds to the postlysosomal compartment. MyoBnull cells showed a higher number of medium-sized vesicles compared with wild-type cells ( Figure 1A , arrowheads and Movie S2), and treating cells with a low dose of LatB resulted in a rapid and dramatic increase of tubulating endosomes ( Figure 1A) . In wild-type cells tubules were rarely seen, whereas in LatB-treated cells tubules were stable and often persisted for minutes ( Figure 1B and Movie S4). This phenotype suggests a role for actin in endosomal tubule scission. We then monitored whether dynamin also plays a role in this process. DymA-null cells had overall a higher number of postlysosomal compartments that appeared to be much smaller than in wild-type cells ( Figure 1A and Movie S3). These cells also had an increase in the number of endosomal tubules ( Figure 1B ). These tubules were micrometers long and often persisted for 15-20 seconds. Together, these results suggest a role for DymA and MyoB in controlling the morphology of the endocytic pathway. The high number of tubules observed in dymAnull cells and LatB-treated cells suggest a possible role for DymA and actin in the scission of endosomal tubules.
DymA-null cells are impaired in acidification, while myoB-null cells have a delayed reneutralization phase
Phagosome maturation is a well-synchronized and precisely orchestrated program, which is, in Dictyostelium, very similar to the macropinocytic pathway. Thus, the dynamics and kinetics of phagosome maturation steps is a valuable tool to understand the overall organization of the endocytic pathway.
To better understand the role of DymA and MyoB in phagosome maturation, we monitored the phagosomal pH and proteolytic activity using established assays (5,36) that we adapted to Dictyostelium. We validated the acidification assay by monitoring the acidification profiles at the single cell level using live microscopy ( Figure 2A and Movie S5). The overall acidification profiles of individual cells correlated well with the profile obtained using a monolayer of cells in a 96-well plate and a fluorescence plate reader ( Figure 2B ,C), emphasizing the synchronicity of phagosome maturation in the plate assay. We then compared the acidification kinetics of wild-type, dymAand myoB-null cells ( Figure 2C ). In wild-type cells, the phagosomal pH drops from 6.5 to reach a minimum of 4.5 after 45 min. This drop in pH is concomitant with the delivery of the v-ATPase. After the acidic phase, the pH slowly increases to a value between 5.5 and 6. This reneutralization phase is driven by removal of the proton pump (4, 19) .
In dymA-null cells, the rate of acidification was greatly impaired. Indeed, pH slowly decreased to reach a minimum of 5.2 after 100 min. This was not due to a defect in phagocytosis, as the phagocytic rate of dymA-null cells is higher than for wild-type cells (33) . In myoB-null cells, the early acidification phase was similar to wild type. However, the reneutralization phase was significantly delayed suggesting inefficient and/or slower v-ATPase removal. This phenotype could be phenocopied by addition of a low dose (5 μM) of LatB to wild-type cells 30 min after bead internalization. Proteolytic activity was highly decreased in dymA-null cells ( Figure 2D ). This is in line with the fact that lysosomal enzymes need an optimal pH for maximal hydrolytic activity. In agreement with this, the prolonged acidic phase of LatB-treated cells resulted in a prolonged proteolytic phase, suggesting that (partial) actin depolymerization delays the overall kinetics of maturation. Interestingly, the delay in reneutralization of myoB-null cells did not result in a prolonged proteolytic phase ( Figure 2D ). These data suggest that MyoB might be involved in the actin-dependent reneutralization step, The average pH curve is in black. Bead internalization is set to 5 min (black vertical line) for all curves. C) Phagosomal acidification profiles for wild-type (green), myoB-null (red), dymA-null (blue) and LatB-treated (orange) cells. Curves were obtained using FITC/TRITC-labeled beads. The FITC/TRITC ratio was converted to pH using a calibration curve. D) Phagosomal proteolysis profile for wild-type (green), myoB-null (red), dymA-null (blue) and LatB-treated (orange) cells. Curves were obtained using DQgreen/Alexa 594-labeled beads. The DQgreen/Alexa 594 ratio is plotted as a measure of proteolysis.
whereas DymA might be mainly involved in an early membrane retrieval or regulatory step.
Phagosomes from myoB-null cells show an increased binding to F-actin
To reneutralize, phagosomes need F-actin as addition of a low dose of LatB blocks phagosome reneutralization ( Figure 2C ). We therefore decided to test the ability of purified latex bead-containing phagosomes (LBPs) to bind F-actin in vitro. Indeed, we reasoned that the ability to bind to F-actin in vitro might be directly linked to the presence of F-actin-binding proteins on the phagosomal membrane, which should be related to F-actin-dependent events such as phagosome reneutralization. Moreover, LBPs can be purified at different time-points, each corresponding to a specific maturation stage. The 5-min time-point corresponds to the very early stage, just after phagocytic cup closure, the 15-and 30-min time-point corresponds to the acidification phase, the 60-min time-point to the reneutralization phase and the 120-and 180-min time-points to the late postlysosomal stage prior to exocytosis (see Materials and Methods for a detailed description of the isolation protocol).
After polymerization of an F-actin meshwork on a glass coverslip, purified LBPs were incubated with the meshwork and free phagosomes were washed away ( Figure 3A ). The highest binding capacity was observed for early phagosomes and was of more than 20 phagosomes per field for 5-min phagosomes and 11 phagosomes per field for 15-min phagosomes. This corresponds to about 20 and 10% of the input material, respectively (see Materials and Methods for calculation). Phagosomes from later stages showed an F-actin binding of about seven phagosomes per field ( Figure 3B ). Phagosomes isolated from myoB-null cells had an increased ability to bind F-actin, especially at late time-points ( Figure 3B ). This is consistent with a prolonged F-actin-dependent reneutralization phase, which would lead to an accumulation of F-actin-binding proteins on the phagosome.
We then corroborated the F-actin-binding profile with the presence of known F-actin-binding proteins and proteins involved in membrane traffic ( Figure 3C ,D). For phagosomes isolated from wild-type cells, the temporal profile of Abp1, CARMIL, DymA and MyoB correlated well with the F-actin-binding profile, although MyoB showed a prolonged association with the phagosome compared to CARMIL, Abp1 and DymA. For phagosomes isolated from myoB-null cells, the temporal profile of Abp1, CARMIL and actin correlated well with the increased F-actin binding, as their abundance during the maturation phase was close to that of the uptake phase. The most striking difference was that DymA, which is usually involved in vesicle scission and membrane traffic during phagocytosis (30) and is mainly associated with the phagosome during the early phase of phagocytosis in wild-type Dictyostelium cells [(9); Figure 3C ], remained associated with the phagosome throughout the maturation process in myoBnull cells ( Figure 3D ). Because M1s play a role in vesicle scission from the plasma membrane together with dynamin in mammalian cells (27) or the dynaminlike protein vps1 in yeast (25) , it is tempting to hypothesize that MyoB plays a similar role on maturing phagosomes. To assess whether loss of DymA had an impact on the recruitment of MyoB and other actin-binding proteins to the phagosome, we monitored the temporal profiles of these proteins by western blot ( Figure 4B ). This analysis revealed a slight persistence of Abp1 association with the phagosome during maturation as well as a more persistent actin profile consistent with a decrease in actin dynamics at an early stage. Strikingly, the loss of DymA induced a massive recruitment of MyoB to the late phagosome. These results highlight an interplay between MyoB and DymA during phagosome maturation. Interestingly, the increased MyoB recruitment was not accompanied by an increase in CARMIL recruitment, suggesting that MyoB plays a CARMIL-independent role during phagosome maturation.
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Abp1 is the main player for in vitro F-actin binding of purified phagosomes
As the Abp1 temporal profile on purified phagosomes was affected in both myoB-and dymA-null cells ( Figures 3D  and 4B ), we tested phagosomes isolated from abp1-null cells in our F-actin-binding assay. This experiment showed that Abp1 was the key player in this assay. Indeed, phagosomes isolated from abp1-null cells showed a very low F-actin binding ( Figure 5A ). Residual binding was highest at 5 min, reflecting the abundance and redundancy of actin-binding proteins involved in phagosome formation. We could rescue the observed binding defect by incubating the phagosomes isolated from abp1-null cells with purified GST-Abp1 ( Figure 5A ). This suggests that loss of Abp1 has little impact on the recruitment of its binding partners. We could also partly inhibit binding of phagosomes isolated from wild-type cells by incubating them with an antibody directed against Abp1. This inhibition was most effective at early time-points and was specific as anti-Abp1 antibodies had no effect on phagosomes isolated from abp1-null cells ( Figure 6D ). We then monitored the effect of Abp1 knockout on the recruitment of other actin-binding proteins by western blot as well as its impact on phagosome acidification. Abp1 had overall little impact on the temporal profile of MyoB and CARMIL, while a slight persistence of DymA association in the early phase of maturation was observed ( Figure 5C ). The phagosome acidification profile in abp1-null cells was close to that of wild-type cells, although with faster overall kinetics ( Figure 5B ). Phagosomal proteolytic activity was, on the other hand, greatly reduced in abp1-null cells ( Figure 5B ). This could be due partly to the earlier reneutralization and thus shorter period with an optimal pH for hydrolases. Overall, this reveals a clear regulatory role for Abp1 in controlling the maturation program. 
Differential recruitment of Abp1 to phagosomes isolated from myoB-and dymA-null cells
Our experiments suggested a major early role for DymA and a late role for MyoB in regulating F-actin binding of phagosomes. We wondered if, as suggested by our western blot analysis, loss of MyoB was at least partly compensated by the increase in DymA recruitment. To test this, we preincubated phagosomes isolated from myoB-null cells with anti-DymA antibodies. This greatly reduced binding, in line with our hypothesis ( Figure 6C ). Preincubation of phagosomes isolated from abp1-null cells with anti-DymA or anti-Abp1 antibodies had little overall effect ( Figure 6D ).
We also tested the effect of GTP in our in vitro F-actinbinding assay. We reasoned that, if binding to actin was indirectly dependent on DymA, preincubating the phagosomes with GTP could affect it. GTP had no effect on phagosomes isolated from dymA-null cells suggesting that DymA is the main GTPase affecting F-actin binding in a nucleotide-dependent manner ( Figure 6B ). In contrast, GTP had a strong inhibitory effect on phagosomes isolated from myoB-null cells ( Figure 6B ), suggesting a major role of DymA for phagosomes from this cell line. For phagosomes isolated from wild-type cells, GTP had a strong effect on early and late time-points ( Figure 6A ). Finally, GTP treatment had little effect on phagosomes isolated from abp1-null cells ( Figure 6D ).
It has recently been shown that Abp1 binds with very high affinity to DymA (9) and that it also binds the tail domain of MyoB (Dr G. Côté, personal communication). To test whether binding to F-actin is mediated via differential recruitment of Abp1, we preincubated phagosomes from dymA-and myoB-null cells with anti-Abp1 antibodies ( Figure 6B ,C, blue line). In both cases, binding was greatly reduced suggesting that Abp1 is indeed the main player in our in vitro F-actin-binding assay and that binding is modulated by differential recruitment of Abp1 to the phagosome in myoB-and dymA-null cells.
Discussion
The role of M1s in vesicle scission at the plasma membrane is well described [see Ref. (11) for review]. While there are several but scattered evidence for a role of M1s and dynamin in the endocytic pathway, it is not known whether they play a similar role in vesicle scission.
In Dictyostelium, actin is involved in at least two major steps of phagosomal maturation past the internalization phase: in the v-ATPase retrieval and in the final exocytosis step. We show here using quantitative analysis of the time- DymA regulate the presence of F-actin-binding proteins on the maturing phagosome. Loss of MyoB resulted in an increase in F-actin binding that is correlated with an increase in DymA and a prolonged Abp1 association with the phagosome. Moreover, our measurements of phagosomal pH showed a delay in the reneutralization kinetics in myoB-null cells. Altogether, the data suggest that MyoB is either directly involved in the WASHdependent v-ATPase retrieval step or in a closely linked membrane recycling step ( Figure 7) . The exact molecular role of MyoB is however not clear. It is tempting to suggest that it might play a role similar to that of the mammalian myosin IE at the plasma membrane (37) . MyoB and DymA might work transiently together and absence of one would result in an accumulation of the other. Alternatively, MyoB could also be involved in the concentration of cargo prior to the budding step. In the case of v-ATPase recycling, this would lead to less efficient/slower reneutralization. This is somehow reminiscent of the role of mammalian MyoB at the TGN (38). However, MyoB was shown to be involved in the early step of membrane deformation and knockdown experiments resulted in an overall decrease in TGN-derived carriers. In our case, the fact that we see an increase in DymA association with the maturing phagosome in myoB-null cells suggests that MyoB is not involved in the early membrane deformation step but rather in the scission step. This speculation is also in agreement with our previous findings about the role of MyoB in membrane recycling from endosomes (24) . That study of the macropinocytic pathway of myoB-null cells revealed a vast increase of 'tethered' vesicles linked to the endosomes by fibrous and/or tubulomembranar material, which we tentatively interpreted as inefficient scission.
Our present data show that Abp1 is the main player in the in vitro actin-binding assay. Loss of Abp1 had little impact on recruitment of its binding partners because defective in vitro F-actin binding of phagosomes isolated from abp1-null cells could be complemented by preincubation of the phagosomes with purified GST-Abp1. This together with the overall faster acidification kinetics and inefficient proteolysis in phagosomes from abp1-null cells points to a clear regulatory role for Abp1.
The role of dynamin in vesicle scission at the plasma membrane is well established. In mammalian cells, dynamin 2 might interact with WASH and it has been suggested that they participate in the same endosomal scission event (16) . In Dictyostelium, WASH is involved in the retrieval of the v-ATPase at the lysosomal-postlysosomal transition stage, but the role of DymA in this process has not yet been addressed. Our data show that loss of DymA results in impaired acidification and proteolysis profile, suggesting a block at the early stage of phagosome maturation. Nevertheless, the block is probably not complete, because dymA-null cells still contain compartments with high fluid-phase marker concentration similar to postlysosomes. Interestingly, the loss of DymA resulted in a massive recruitment of MyoB to phagosomes at late time-points. In the F-actinbinding assay, early phagosomes isolated from dymA-null cells showed a lower ability to bind F-actin but binding of late phagosomes was similar for phagosomes from dymA-null and wild-type cells. Importantly, pretreatment of phagosomes isolated from wild-type cells with antiDymA antibodies had an impact on both early and late phagosomes. Overall, our data point to a major role for DymA at the early phase of phagosome maturation, possibly contributing to an early membrane recycling step, and a transient role at a late stage. In dymAnull cells, the late requirement for DymA seems to be partially compensated, possibly by MyoB or other proteins.
How is the differential recruitment of MyoB and DymA to the phagosome achieved is still not clear ( Figure 7 ). However, it is tempting to speculate that PIPs might contribute to this process. Indeed, specific PIPs accompany the different stages of phagosome maturation. In most cell types, PI(4,5)P 2 is restricted to the plasma membrane and is phosphorylated to PI(3,4,5)P 3 during formation of the phagocytic cup. After closure, PI(4,5)P 2 is dephosphorylated to PI(3,4)P 2 (39) and to PI3P (40) in a matter of minutes. At later stage, it is assumed that PI(3,5)P 2 might be the main isoform. Furthermore, at the postlysosomal stage, PI5P has been proposed to accompany exocytosis (41) .
In Dictyostelium, DymA has been shown to bind specifically to a limited number of PIP isoforms, among them, PI(4,5)P 2 , PI(3,5)P 2 and PI(3)P (42), while MyoB has the potential to bind negatively charged phospholipids (43) . Further studies will be needed to address the role of phosphoinositides in these recycling processes.
Altogether our data indicate that in Dictyostelium Abp1, although not essential, plays a major regulatory role in the phagosome maturation process, as loss of Abp1 resulted in overall faster acidification kinetics and inefficient proteolysis. We show that DymA plays mainly an early regulatory role in phagosome maturation and possibly a role at a later stage in the scission of vesicles and/or tubules emanating from endosomes. Furthermore, we provide evidence for a late role of MyoB in phagosome maturation. Whether MyoB and/or DymA act directly during the WASH-dependent v-ATPase recycling step or in a parallel pathway remains to be addressed.
Materials and Methods
Cell culture
Dictyostelium cells of laboratory wild-type strain Ax2 were grown at 22
• C in HL5c medium (Formedium) supplementedwith 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen). DymA-null (33) , abp1-null and myoB-null mutants (9) were generated in the A×2 background with the appropriate knockout vectors. After electroporation,transformants were selected with 10 μg/mL blasticidinS (Merck) for 48 h and maintained in 5 μg/mLblasticidin in HL5c medium.
Live microscopy
Cells were plated on 35-mm IBIDI dishes (IBIDI GmbH, Germany, ref# 80136) at 30% confluence and incubated overnight in HL5c medium and 0.5 mg/mL TRITC-labeled Dextran (Sigma). An hour before imaging, the medium was replaced with low fluorescence medium (LoFlo; Formedium) containing 0.5 mg/mL TRITC-Dextran. Before imaging, cells were overlaid with a thin sheet of 2% agar as described in Ref. (44) . Movies were taken with a spinning disc confocal system (Intelligent Imaging Innovations) mounted on an inverted microscope (Leica DMIRE2; Leica). When used, LatB (Sigma) was added 5 min before imaging at a concentration of 5 μM.
Immunoblots
Immunoblots were performed exactly as described previously (6).
Phagosomes purification
Phagosomes at different stages of maturation were obtained after feeding with latex beads (LBs) according to the pulse-chase regime described in Ref. (45) . Briefly, for each sample 10 9 cells were incubated with 2 × 10 11 LBs of 0.8-μm diameter (Sigma), first 5 min on ice in 5 mL Soerensen/120 mM sorbitol (Merck), pH 8, and then for 5 or 15 min in 100 mL HL5c medium at room temperature in shaking culture (120 rpm) at a concentration of 10 7 cells/mL. Phagocytosis was stopped by addition of three volumes of ice-cold Soerensen/sorbitol followed by centrifugation. Sorbitol (120 mM) prevented abrupt changes in osmotic conditions and increased buffer density to reduce sedimentation of non-ingested beads. This step was repeated once. The cell pellet was resuspended in a small volume of ice-cold medium, and the chase was started by adding the suspension into 100 mL of medium at room temperature for 15-165 min. Chase was stopped as mentioned for the pulse, including the washing step. Phagosomes were isolated according to Ref. (35) , with some specificities. Cells were homogenized by eight passages through a ball homogenizer (Isobiotech) with a void clearance of 5 μm. The homogenate was incubated with 10 mM Mg-ATP (Sigma) for 15 min on ice before loading onto sucrose step gradients. Gradients were centrifuged for 3 h at 100 000 × g in a Beckmann SW 28 rotor. The interface of 10 and 25% sucrose was collected. To normalize phagosome concentrations between different samples, the volume of HESES buffer (20 mM HEPES-KOH, 0.25 M sucrose, pH 7.2) was adjusted by measuring the number of LBPs detected by light scattering at 600 nm.
Actin-binding assay
The actin-binding assay was performed as described previously (46) . Briefly, microscope chambers were built from a glass microscope slide and an 11-mm-diameter circular glass coverslip forming a 2-3 μL chamber. F-actin, stabilized and labeled with rhodamine-phalloidin, was perfused into the chamber and incubated for 5 min. Non-specific binding was blocked by perfusion with 3 mg of casein/mL (Sigma-Aldrich) prepared in HESES buffer. Excess F-actin and casein were washed away by perfusion with three chamber volumes (≈3 μL) of HESES buffer containing 0.3 mg of casein/mL. The phagosome-binding reaction mixture (8-10 μL), containing LBPs (Optical Density OD 600 = 0.8, ≈ 10 8 phagosomes/mL) 0.3 mg of casein/mL and different factors to be tested, were perfused into the chamber and incubated for 20 min. The approximate number of phagosomes loaded in the chamber is 3 × 10 5 , corresponding to approximately a hundred phagosomes per observation field. All incubations were performed in a moist chamber at room temperature. Unbound LBPs were washed away by perfusion with three volumes of HBS (25 mM HEPES-KOH, pH 7.4, 2 mM MgCl 2 , 2 mM EGTA, 0.1 mM EDTA and 2 mM DTT) containing 10% sucrose and 0.3 mg of casein/mL. Binding was analyzed by fluorescence microscopy with the use of a Nikon Diaphot 300 microscope (Nikon). The number of bound phagosomes per field was counted (field surface area of ∼22 000 μm 2 ; approximate area of the chamber is 80 mm 2 ) and values from at least 20 fields were averaged. For the experiments with antibodies, GTP, PIP2 or purified protein, the phagosomes were incubated with the antibodies, 50 μM of GTP, 100 μM of PIP2 or purified proteins for 20 min before use in the actin-binding assay. The data plotted represent the means and SEM for three independent experiments.
Phagosomal pH and proteolytic measurements
The kinetics of intraphagosomal acidification was monitored using a fluorescence plate reader (Synergy Mx, Biotek) over a period of 120 min at intervals of one measurement per min. The indicator beads for the pH measurement were prepared as described (5) Briefly, 3-μm carboxylated silica beads (Kisker Biotech) were coupled with BSA and labeled with the pH-sensitive fluorochrome fluorescein isothiocyanate (FITC) and the pH-insensitive internal reference fluorochrome TRITC (Molecular Probes). Dictyostelium cells were plated as a monolayer in clear-bottom blackwall 96-well dishes (Costar) and allowed to adhere in LoFlo medium (Formedium). The fluorescent indicator beads were added to the cells at a ratio of 1:2 and the plate was centrifuged for 30 seconds. Noningested beads were removed immediately by washing twice with LoFlo medium. For pH monitoring, the fluorescent emission of FITC at 520 nm, when excited with 495 nm, is pH sensitive, whereas the emission of Alexa 594 at 620 nm, when excited at 594 nm, is largely unaffected by changes in pH. Conversion from the excitation ratio to pH was achieved through polynomial regression of a standard curve generated by calculation of the excitation ratio of the fluorochromes in environments of known pH. Proteolytic measurements were carried out in a similar way using beads coupled to Alexa Fluor 594 succinimidyl ester (Molecular Probes) and BSA labeled with DQgreen at a selfquenching concentration (Molecular Probes). Upon BSA proteolysis, DQgreen fluorescence increases due to dequenching of the fluorophore.
Results were plotted as the ratio between DQgreen and Alexa 594 fluorescence as a function of time.
